Editors' Note
Introduction
Iron-deficiency anemia is a major problem in developing countries, especially in infants, preschool children, and women of childbearing age [1] . Other micronutrient deficiencies usually coexist with iron deficiency because of poor dietary quality, reduced nutrient bioavailability, and high incidence of infection. The coexistence of several micronutrient deficiencies may increase the risk of anemia and limit the hematologic response to iron supplementation [2] , and may result in other health problems with adverse consequences, particularly in infants and young children.
Zinc deficiency in infants and young children causes growth retardation, abnormal immune function, and impairment of cognitive function [3] . Folate is essential for nucleic acid synthesis and amino acid metabolism [4] ; deficiency of folate affects cellular division and may have serious consequences on growth and development in infants. Vitamin C deficiency in infants (an often neglected problem) may result in impaired bone growth and hemorrhagic anemia [5] . Because vitamin C is a strong enhancer of nonheme-iron absorption, vitamin C deficiency may also decrease the bioavail-S21 ability of dietary nonheme iron [5] .
Because multiple micronutrient deficiencies often coexist, the benefit of multiple-micronutrient supplementation is becoming increasingly apparent. Recent international workshops have yielded a recommendation for using multi-micronutrient supplements to treat and prevent multiple micronutrient deficiencies in high-risk groups in developing countries, including women of childbearing age [6] and infants and young children [7] . During the workshop on "Micronutrient supplementation throughout the life cycle" held in Brazil in November, 1999 [7] , a multi-micronutrient supplement was proposed for use in infants 6 to 24 months of age (preferably administered with an appropriate infant food to ensure acceptability and complete intake). To evaluate the efficiency of this multi-micronutrient supplement, a multicenter study (International Research on Infant Supplementation or IRIS) was carried out in four different developing countries.
Micronutrient interactions (synergistic or antagonistic) can occur with the use of multi-micronutrient supplements, depending on the specific combination of nutrients, their chemical forms, and relative doses [8] . These interactions may influence the bioavailability of each micronutrient, which may be further affected by the simultaneous ingestion of food [8] . Therefore, if a multisupplement is to be combined with food, the effect of the selected food on micronutrient bioavailability must be tested.
The present study evaluated how combining the IRIS multi-micronutrient supplement with a milk-based cornstarch porridge affected the bioavailability of iron, zinc, folate, and vitamin C. The study was conducted in healthy women and used the plasma curve response over time. Healthy women were chosen as the study population because it would have been unethical to use infants and young children. Porridge was selected as a food vehicle because it is commonly used as a complementary food during weaning in many countries.
Subjects and methods

Subjects
Bioavailability tests were conducted in 10 healthy female volunteers recruited among students and faculty at Universidade Federal do Rio de Janeiro in Brazil. Subjects were between the ages of 23 and 50, without a recent history of supplement or medication use. Subjects filled out questionnaires with information on body weight, height, and medical history. Habitual dietary intakes were assessed from 3-day dietary records, and nutrient intakes were determined using The Food Processor (ESHA Research, OR, USA). The women maintained their normal dietary habits during the study. All subjects gave written informed consent.
Study design
A randomized crossover design was used. Each volunteer was submitted to three tests: (1) IRIS multi-micronutrient supplement (S), (2) IRIS multi-micronutrient supplement with test meal (MS), and (3) test meal (M). The dose of the multi-micronutrient supplement was five tablets per volunteer. The composition per tablet is described in table 1. The test meal consisted of one serving of cornstarch porridge. The ingredients and nutrient composition of the test meal are shown in table 2. One serving of this meal is a poor source of zinc, iron, and folate, and it contains no vitamin C. Bioavailability of iron, zinc, folate, and vitamin C from IRIS multi-micronutrient supplement
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The tests were carried out after overnight fast on three different days with a washout period of one week between the test days. On the morning of the test day, an intravenous catheter was inserted into the antecubital vein and a baseline blood sample was obtained (10 ml). Each of the tests-S, MS, or M-was ingested with 200 ml of water, and sequential blood draws (10 ml) were done at 1, 2, 3, 4, 6, and 8 hours after ingestion. At 2 to 3 hours and 6 to 7 hours, subjects each received an identical snack of white bread, butter, and fruit jam.
Laboratory analysis
Hemoglobin concentration and hematocrit were measured in whole blood by the cyanmethemoglobin method using a commercial kit (Bioclin) and by capillary centrifugation, respectively. An aliquot of whole blood (100 µl) was diluted 20-fold in 2% ascorbic acid for determination of erythrocyte folate. Plasma was separated by centrifugation. Aliquots of diluted blood and plasma samples were stored at -70º C until analysis. Plasma iron and plasma zinc were measured by inductively coupled plasma atomic emission spectrometry (ICP-AES, Perkin Elmer Plasma 1000). Plasma and erythrocyte folate were determined by radioisotope dilution assay using a commercial kit (Diagnostic Products Corporation, EUA). Plasma vitamin C was measured by a colorimetric assay using dinitrophenylhydrazine [9] .
Calculation of relative bioavailability
The increment in plasma micronutrient concentration at each time point was calculated by the difference between plasma concentration at the corresponding time point and baseline plasma concentration. The increments in plasma concentrations were plotted versus time. The area under the curve (AUC) during 8 hours was calculated according to the trapezoidal method [10] , using the following formula: AUC = ½Σ (∆ C i-1 + ∆ C i ) × ( t i -t i-1 ), where ∆C i and ∆C i-1 are the increment plasma micronutrient concentrations at time points t i and t i-1 . The AUC would become negative if the plasma nutrient concentration fell below the baseline level. The relative bioavailability of each micronutrient was determined from the ratio between AUC of MS corrected by M and the AUC of S, expressed as a percentage.
Statistical analysis
For each micronutrient, within-subject differences between S and MS for AUC, maximum increment in plasma concentration (∆ C max ), and time to reach maximum increment were tested by paired-t test. Onesided t-test was used to compare relative bioavailability with 100%. Results were considered significant when p < 0.05.
Results
Subjects' characteristics, including biochemical indices and habitual dietary intake of the micronutrients studied, are summarized in table 3. Although mean intakes of iron, zinc, and folate were 62%, 81%, and 54% of recommended values, respectively, [11] , the corresponding biochemical indices of status were, on average, adequate [12] . Vitamin C intake and status were adequate in all subjects. Figure 1 shows the mean increments in plasma concentrations at each time point after ingestion of S, MS, and M for iron, zinc, folate, and vitamin C. The magnitude of responses in plasma increments after intake of S, calculated from the ratio between the mean ∆ C max and the mean baseline plasma concentration for each micronutrient, was 4.9 for folate, 0.9 for iron and for zinc, and 0.4 for vitamin C. A considerable negative AUC for zinc was observed in M. The effect of food intake on plasma zinc concentrations is well documented and can be explained by zinc uptake by the liver after a meal [13, 14] . Table 4 shows the means of the individual values of AUC, maximum increments in plasma concentrations (∆C max ), and time to reach this maximum for the micronutrients studied in each test. Compared to the multi-micronutrient supplement alone (S), AUC and ∆C max in the test with the multi-micronutrient supplement combined with the test meal (MS) were significantly lower for iron, zinc, and folate. However, for vitamin C there were no differences between MS and S. The period of time to reach maximum increment in Bioavailability of iron, zinc, folate, and vitamin C from IRIS multi-micronutrient supplement S24 plasma concentrations for all the micronutrients was not significantly different between MS and S. Relative bioavailability (figure 2) was significantly reduced from 100% for iron (80%), zinc (70%), and folate (85%), but not for vitamin C, when the multimicronutrient supplement was combined with the test meal.
Discussion
Multi-micronutrient supplementation is effective in treating multiple micronutrient deficiencies in infants [15] . However, micronutrient bioavailability can be affected by the use of food as a vehicle of supplementation. Dietary components can enhance or inhibit micronutrient absorption through interactions between the micronutrients from the tablet and the components present in the food matrix [8] .
The cornstarch porridge tested in this study is a common weaning food in Brazil. It is a low-cost food and an adequate matrix for dispersion of multimicronutrient supplement particles. It contains no phytic acid, which has a strong inhibitory effect on mineral bioavailability [8] . Moreover, it contributes to calcium and protein intake. It has been recommended that complementary foods contribute about half of the calcium requirements of infants aged 6 to 24 months [16] . Because IRIS multi-micronutrient supplement contains only small amounts of calcium (in order to contribute to the stability of the tablet), the cornstarch porridge can be viewed as a source of calcium for the infant.
Our study showed that combining the multi-micronutrient supplement with cornstarch porridge did not affect the bioavailability of vitamin C, but reduced the bioavailability of folate, iron, and zinc. Among the studied micronutrients, vitamins were less affected than were minerals. The plasma increment responses of vitamin C to the multi-micronutrient supplement alone or in combination with the cornstarch porridge observed in our study were comparable to those observed in a study of healthy individuals using commercial forms of synthetic vitamin C [17] . Because it is efficiently absorbed in humans, vitamin C bioavailability is generally high-usually 80% to 98% from mixed diets-with little effect of the food matrix [8] .
The present study showed that when multi-micronutrient supplements were given in combination with the test meal, the AUC of folate was significantly smaller (p < 0.05) than it was in absence of food, resulting in a 15% decrease in its relative bioavailability. This may be explained by a slower diffusion rate through the "unstirred water layer" of the intestinal mucosa due to non-digestible viscous components of the cornstarch [18] . A study on absorption of supplemental folate consumed with or without a light breakfast meal [19] showed a 15% reduction in folate bioavailability when folate was given with the meal.
The bioavailability of zinc and of iron were affected more so than that of folate when the IRIS supplement was combined with porridge. The bioavailability of these nutrients from foods with added minerals is generally much lower than it is from pure chemical compounds given in aqueous solutions. In human studies, zinc absorption from pure salts in aqueous solution was about 70%, whereas zinc absorption from foods with zinc added to the same amount was about 20% [20] . Similarly, iron absorption from ferrous sulfate was about 35% when given in aqueous solution and about 5% when given mixed with bovine milk [21] .
The reduction in the relative bioavailability of zinc and iron observed in the present study may be due to interactions with components in the meal. Although the porridge did not contain phytate, it contained tannins from the cinnamon used to flavor the porridge. Tannins are major constituents of cinnamon [22] and they can form insoluble complexes with divalent metal ions, thus reducing absorption [23] . In a study of iron absorption from porridges fortified with iron salts, a reduction of 24% in iron absorption was attributed to the tannins in cinnamon added to the porridge [24] .
Casein from whole milk may also have contributed to reduced iron and zinc bioavailability, because partially undigested casein subunits may bind these elements and reduce intestinal absorption [25] . Zinc absorption from whey-predominant formula in human adults was higher than from casein-predominant formulas (32% versus 21%) [26] . Poor bioavailability of iron in infant formulas has been attributed at least in part to casein and whey proteins from bovine milk [27] .
The calcium in the porridge may have contributed to reduced iron bioavailability. Single-meal human absorption studies have shown that calcium impairs iron absorption, both when given as supplements and when consumed from dairy products [28] . The inhibitory effect of calcium on iron absorption is independent of the concentrations of phytate or ascorbic acid in a meal [29] . However, the inhibitory effect of calcium on zinc absorption depends on the simultaneous presence of phytate [25] . Therefore, in the present study it is unlikely that calcium had a negative effect on zinc relative bioavailability, because the test meal did not contain phytate. Although this study was conducted in adult women, the results obtained can be considered a useful guide for young children. After 6 months of age, infants reach a satisfactory gastrointestinal absorptive capacity and become physiologically qualified to adapt to different foods [30] . Moreover, dietary factors that affect nutrient bioavailability do not differ between adults and young children [31] . The observed decrease in bioavailability of folate, iron, and zinc when the IRIS multi-micronutrient supplement was combined with a milk-based cornstarch porridge was relatively small. Therefore, the test food used in this study is a suitable vehicle for the IRIS multi-micronutrient supplement.
